he use of an internal thoracic artery(ITA) graft to revascularize the left anterior descending coronary artery (LAD) has significantly improved the longterm results of coronary artery bypass grafting (CABG). 1 It is widely held, however, that there are cases in which it is better to avoid the use of ITA due to low free flow (FF). It has been generally accepted that the ITA is indicated for CABG when the FF rate is more than 40-80 ml/min. 2, 3 Mills and Bringaze recommend 120 ml FF as the minimum for the use of an ITA graft, 4 but from other reports in the world literature, 5 the average ITA FF used for grafting is almost 60 ml/min. In general, the ITA is not used for the graft when the FF is less than 20 ml/min after release of its spasm. 5 However, the ITA flow may increase in proportion to the myocardial blood demand if there is no mechanical damage to the ITA during mobilization. Therefore, even when the ITA flow is very low, we suggest that anastomosis of the ITA without any further maneuvers intraluminally is the best in terms of quality. The aim of the present study was to investigate the clinical results of CABG, using the left ITA (LITA) with low FF and to evaluate the postoperative hemodynamic status of low FF LITA, by means of transthoracic pulsed Doppler echocardiography.
he use of an internal thoracic artery(ITA) graft to revascularize the left anterior descending coronary artery (LAD) has significantly improved the longterm results of coronary artery bypass grafting (CABG). 1 It is widely held, however, that there are cases in which it is better to avoid the use of ITA due to low free flow (FF). It has been generally accepted that the ITA is indicated for CABG when the FF rate is more than 40-80 ml/min. 2, 3 Mills and Bringaze recommend 120 ml FF as the minimum for the use of an ITA graft, 4 but from other reports in the world literature, 5 the average ITA FF used for grafting is almost 60 ml/min. In general, the ITA is not used for the graft when the FF is less than 20 ml/min after release of its spasm. 5 However, the ITA flow may increase in proportion to the myocardial blood demand if there is no mechanical damage to the ITA during mobilization. Therefore, even when the ITA flow is very low, we suggest that anastomosis of the ITA without any further maneuvers intraluminally is the best in terms of quality. The aim of the present study was to investigate the clinical results of CABG, using the left ITA (LITA) with low FF and to evaluate the postoperative hemodynamic status of low FF LITA, by means of transthoracic pulsed Doppler echocardiography.
Methods
Between December 1997 and October 1998, 75 cases of CABG were performed at Nihon University School of Medicine. In 60 of these 75 cases, the LITA was anastomosed to the LAD, as follows. The LITA is dissected with a pedicle using electrocauterization and protective gauze. Titanium hemoclips are used to clamp off the LITA branches. After complete mobilization, the LITA is cut off just at the proximal end of its bifurcation and pulsatile blood flow from the cut end is confirmed. The distal cut end is then closed by the same hemoclip. The mobilized LITA is then covered with the 0.2% papaverine-soaked gauze. However, papaverine administration and/or balloon dilation of the LITA are not done. The cut end of the LITA is allowed to bleed into a graduated cylinder for 15 s. If pulsatile blood flow appears from the cut end, even though the LITA flow is very low, the LITA is anastomosed to the LAD without any further maneuvers. Cardiopulmonary bypass is established from the right atrium to the ascending aorta. As soon as the aortic cross clamp is complete, St Thomas cardioplegic solution (30 ml/kg) is administered from the aortic root cannula. The bypass is performed at the midportion of the LAD using an 8-0 polypropylene nonab-Japanese Circulation Journal Vol.63, July 1999 sorbable suture, with complete isolation of the side branches of the LITA. Saphenous vein grafts (SVG) are used as the grafts for all diseased vessels except for the LAD. The proximal anastomosis between the SVGs and the ascending aorta are performed under aortic partial clamp.
The 60 cases were divided into 2 groups: (i) Group L, consisting of 23 cases, in which the LITA FF was less than 20 ml/min; and (ii) Group H, consisting of 37 cases, in which it was more than 20 ml/min. We performed a comparative study between the groups on the basis of the postoperative 2-month coronary angiographic findings. Furthermore, we also evaluated the postoperative hemodynamic status of the low FF LITA cases in detail, using transthoracic pulsed Doppler echocardiography. Color Doppler echocardiographic examinations were performed from the anterior chest wall and supraclavicular fossa, in almost the same time period as the postoperative coronary angiography, using an Acuson Sequoia C256 machine equipped with a 7 MHz transducer. All patients took nitroglycerin tablets just before the Doppler study. The diastolic peak velocity, diastolic and systolic peak velocity ratio (D/S ratio), diastolic velocity time integral (VTI), and diastolic fraction of the VTI (DF) were measured using on-line calipers and averaged over 3 cardiac cycles. All echocardiographic examinations and measurements were performed by the same doctor.
Statistical Analysis
Parametric data were presented as the mean and standard deviation (SD). Statistical differences between the groups tested were analyzed using the nonpaired Wilcoxon test and the Mann-Whiteney U-test. Significance was defined as a p value of less than 0.05.
Results
There were no significant differences in age, gender, coronary risk factors, diseased vessels, and preoperative complication rate of myocardial infarction between the 2 groups ( Table 1) . We evaluated the preoperative native LAD flow area on the basis of Pujardas classification. 6 In the LAD flow area, there was no significant difference between the 2 groups ( Table 2) . In this series, there was no case of total occlusion of the LAD with intracoronary collateral blood flow. The preoperative native LAD stenosis, ejection fraction (EF), and left ventricular end-diastolic pressure (LVEDP) all exhibited no significant differences (Table 2 ). In terms of the ITA diameter evaluated by preoperative coronary angiogram, in Group H it was 1.8±0.7 mm and in Group L it was 1.9±0.3 mm; there was no significant difference (Table 2) . Likewise for bypass number, aortic cross-clamping time, cardiopulmonary bypass time, and systolic blood pressure during evaluation of the FF, there were no significant differences (Table 3 ). In terms of the ITA FF, in Group H it was from 24 to 78 ml/min, with an average of 54.0 ml/min, and in group L it was from 5 to 20, with an average of 13.1 ml/min (Table 3 ). All cases were easily weaned from the cardiopulmonary bypass with a drip infusion of low-dose inotropic agents. Nitroglycerin and calcium antagonist were not administered. No case developed low output syndrome or perioperative myocardial infarction. In the 2-month postoperative left ventriculogram, LVEF was significantly increased compared with the preoperative one in both groups, but there was no significant difference between the 2 groups (Table 4) . LVEDP was slightly reduced in both groups, but not significantly compared with the preoperative values, and there were no significant difference between the 2 groups (Table 4 ). In the postoperative angiography, LITA graft occlusion was not identified in either group, and the distal narrowing of the LITA graft, the so called 'string sign', was also absent. There were no significant difference between the groups in the postoperative native LAD stenosis ( of the distal side of the anastomosis (Table 4 ). There were no problems with the shape of the anastomosis in both groups. The proportion of satisfactory results from early graft patency was 100% in both groups ( Table 4) . The LITA was effectively detected and good quality Doppler waveforms obtained in all patients (100%). The Doppler waveform in the distal portion of the grafted LITA obtained by the transthoracic approach has a biphasic pattern with a higher mid-diastolic component and a lower antegrade component at end-systole (Fig 1) . However, in the proximal portion of the LITA seen on the supraclavicular approach, the systolic component of the Doppler waveform was higher than the diastolic (Fig 1) . In the distal portion of the grafted LITA, the diastolic peak velocity, D/S, VTI, and DF did not differ between Groups H and L (0.234±0.11 vs 0.248±0.09 m/s, 1.63±0.36 vs 1.60±0.27, 10.64±2.23 vs 12.04±2.74 cm, 0.72±0.12 vs 0.74±0.18, respectively). The D/S of the LITA on the proximal side was 0.64±0.24 in Group H and 0.79±0.44 in Group L. There was no significant difference.
Discussion
What is the cause of low ITA FF during CABG? The main causes are considered to be temporal spasm (severe vasoconstriction) or mechanical damage inflicted by the surgical maneuver. When the mobilized ITA FF is very low, several surgeons recommend different methods to increase the FF, such as papaverine administration, metal cannula insertion, and/or balloon dilation intraluminally. 4, 7 When the FF is remarkably increased by intraluminal papaverine administration, the cause of the low FF is regarded to be temporal vasospasm. In fact, ITA should only used for the graft when the FF is more than 20 ml/min after release of its spasm. 5 However, there is no method to verify whether the spasm is completely released or not. In the present study's Group L, the LITA FF was still less than 20 ml/min, despite wrapping it with papaverinesoaked gauze, so we believe that the vasospasm of the mobilized LITA is not completely released by wrapping it with papaverine-soaked gauze. Other investigators report that intraluminal papaverine injection provides a better blood flow rate than mere submersion in papaverine solution. 8 Mills and Bringaze also report that although extraluminal vasodilators will slightly increase the FF, optimal immediate flow is obtained from an intraluminal injection of papaverine. 4 Furthermore, they discuss several cases whose LITA FF only increased to about 10 ml/min after wrapping with papaverine-soaked gauze. 4 However, several investigators have suggested that both the structure and function of the ITA intima may deteriorate as the result of papaverine injection. 8, 9 Moreover, balloon dilation is considered even more dangerous, and we agree that these intraluminal maneuvers may impair the quality of the ITA. It is virtually impossible to determine the actual cause of the blood flow reduction without a pathological study of the completely mobilized artery. However, pulsatile blood flow from the ITA cut end does evidence blood transmission from the proximal to the peripheral site through the ITA. Intraluminal papaverine preparation of the ITA is one of the methods used to distinguish low flow caused by technical error or vasospasm. However, papaverine has an acidic pH (3-4.5), and although this is partially neutralized with the addition of normal saline solution (pH 5.2), there is still reasonable concern that arterial wall and endothelial damage may result, compromising the long-term patency. 10 We contend that intraluminal maneuvers used with a low FF ITA graft to increase the FF may result in the string sign or occlusion of the ITA later on.
After complete mobilization, we evaluated the LITA FF just at the proximal portion of its bifurcation. However, the more proximal portion of LITA is used for anastomosis to the LAD. He et al report that various reactivities are shown along the full length of the human ITA. Furthermore, they insist that the distal portion of the ITA is the most sensitive. 11 Therefore, the proximal portion of the LITA bifurcation in which we assessed the FF may easily suffer vasospasm. However, we have to decide whether the mobilized LITA is acceptable or not, based on the FF in the distal portion of the LITA, because we can not decide the required length of the LITA graft until deciding on the position for the anastomosis on the LAD. The high blood flow from the cut end of the LITA appears during cardiopulmonary bypass because of the pump flow. However, in this situation, the blood pulsatility can not be confirmed. We believe it is important to recognize the blood pulsatility from the LITA as an indication of no mechanical damage to the LITA.
The ITA is called the 'living conduit', in which the diameter may increase later in the postoperative. Kitamura et al reported that ITA flow increased in response to the patient's growth after CABG for Kawasaki disease. 12 We also consider that the ITA flow may increase in proportion to the myocardial blood demand if there is no technical damage of ITA during its mobilization. It has been reported that if the endothelium of an arterial graft is preserved during surgical preparation, the potent endogenous nitrate system can help prevent vasospasm, thrombus formation, and graft occlusion. 13 Therefore, even when the ITA flow is very low, we recommend anastomosis of the ITA without any further maneuvers to be the best in terms of quality.
We employ the simplest method of LITA mobilization, which is covering the LITA only with papaverine-soaked gauze. In Group L, even though the mobilized LITA's FF was very low, there were not any cases of hemodynamic instability or perioperative myocardial infarction. Furthermore, the postoperative left ventricular function was significantly improved. In the comparison study of the LAD flow area, there was no significant difference between the 2 groups. Furthermore, on postoperative early coronary angiography, no LITA graft occlusion was identified, and the 'string sign' was not present. The proportion of satisfactory results from early graft patency was 100%. However, several investigators reported that a discrepancy is sometimes detected between the angiographic and pulsed Doppler findings of the LITA. 14 There are several cases in which the D/S ratio was very low according to the echocardiographic findings, in spite of the postoperative graft patency being satisfactory on angiography. 14 Furutani et al reported that the LITA D/S ratio and DF were lower in the cases with a low stenosis rate of the native LAD as the recipient vessel, 15 which indicates the existence of native blood flow competition to the LITA. The blood flow competition may cause the ITA string sign in the late postoperative period. In assessing the quality of the postoperative LITA hemodynamic status, it is more important to assess the blood flow wave form rather than its flow rate.
In the present study, we assessed the early postoperative hemodynamic status of the ITA using pulsed Doppler echocardiography. Several recent reports showed that the coronary flow reserve measured by transthoracic Doppler echocardiography is useful in the assessment of significant LAD stenosis. 16 Furthermore, transthoracic pulsed Doppler echocardiography is an effective and noninvasive method of assessing postoperative LITA graft function. 17 We did not use a stress test or myocardial scintigraphy to evaluate the coronary flow reserve in the current series. We considered it was possible to use the low FF ITA in group L because of the stable postoperative course and the very good ITA Doppler wave form. However, further study will be needed in the near future. In this study, in the proximal LITA after its origin from the left subclavian artery, the systolic component of its waveform was higher than the diastolic component in both groups, which we considered to be the effect of the subclavian arterial pulsation. However, in the distal portion of the LITA, the postoperative early blood flow velocity wave form in Group L was very good in spite of low FF during the procedure. Furthermore, its D/S ratio and DF were no different from Group H, which suggests that the blood flow of the low FF LITA was verified as having increased postoperatively not only on angiography but also from the characteristic flow findings.
Conclusion
The ITA can be used for CABG even when the FF is less than 20 ml/min, because the ITA increases in size in response to myocardial blood demand. Transthoracic Doppler echocardiography is very reliable and has definite superiority for the routine evaluation of ITA grafts postoperatively.
